The earthquake with a bodywave magnitude mb=5.5 , which occurred near Tori Shima, Japan, on June 13, 1984 (origin time: 0229:25.3 UT, 31.448øN, 140.036øE, depth of 10 km, mb=5.5, MS=5.5 ) is anomalous because it generated tsunamis which are disproportionately large for the magnitude of the earthquake. At Hachijo Island, 150 km from the epicenter, tsunamis were visually observed with peak-to-peak amplitude of 130 to 150 cm. Long-period seismic radiation is also anomalous. Love waves are almost absent, and Rayleigh waves are radiated with equal amplitude and phase in all directions. A simple double-couple model cannot explain these observations. With the assumption of no net volume change at the source, these data can be best explained with a compensated linear vector dipole ( Except for the anomalous tsunamis, no obviously unusual observations have been reported. In view of the importance of this event in relation to magmatic processes and tsunami generation, we made a detailed analysis of global seismic data observed for this earthquake. We will show that under the assumption of no net volume change, this earthquake can be best represented by a compensated linear vector dipole (CLVD) rather than the conventional double force couple.
proposed for some seismic events. The most recent example is the Mammoth Lakes earthquake in California presented by Julian [1983] and Julian and Sipkin [1985] . Sipkin [1986] made a systematic study of nondouble-couple events and concludes that source multiplicity, rupture on nonplanar fault surfaces, and tensile failure under high fluid pressure (injection) may cause a nondouble-couple solution. Sipkin Long-period Rayleigh waves were also recorded at the stations of the International Deployment of Accelerographs (IDA) network. We inverted the Rayleigh wave spectra to determine the source mechanism using the method described by Kanamori and Given [1981] . Since the event is shallow, the moment tensor elements Mzx and Mzy (for notation, see Kanamori and Given [1981] ) cannot be determined and are assumed to be zero. The isotropic component is also assumed to be zero. The effect of isotropic component will be discussed later. We inverted the data at periods of 160, 176, 204, 232, and 256 s, and the results are summarized in Table 1. In Table 1 The fixst-motion data are consistent with the moment tensor solutions shown in Table 1 .
The SH waves are generally very small compared with SV waves at all stations. This observation together with the upward P motions at all the stations is consistent with the CLVD mechanism obtained from long-period surface waves. Figure 5 compares the body waves from the Tori Shima earthquake with those from an ordinary thrust earthquake. For the ordinary earthquake, the SH waves are, when averaged over the azimuth, generally significantly larger than P waves. This difference again demonstrates the unusual character of the Tori Shima earthquake.
We performed moment tensor inversions of P and S H waves to investigate the details of the source. Because of the unusual nature of this event we used several different methods. In all body wave inversions, however, the isotropic component is assumed to be zero.
One method, developed by Sipkin [1982] , treats each element of the moment tensor as a separate function of time, thus allowing us to test the hypothesis that the event was a multiple rupture with different orientations for the subevents. The results of this inversion ( Figure 6a and Table 2) indicate that this event had a simple time history, with a duration of 12 s, and no change in orientation. Most of the moment release is concentrated toward the end of the source pulse. The minimum in the mean-squared-error versus depth usually occurs at, or very near, a minimum in the oe versus depth curve [Sipkin, 1986] . For moderate sized earthquakes, oe is usually very small; for over 80% of the earthquakes studied using this method oe is less than 0.2. For the Tori Shima event, however, the minimum in oe at the depth where the mean-squared-error was at a minimum had a value of 0.73, indicating that there is no double-couple mechanism that can satisfactorily fit the long-period body wave data. [1985] is shown.
An inversion was also attempted using a more realistic oceanic structure, SOD-l, determined by Spudich et al. [1978] . The results of this inversion yielded a very similar •solution with a somewhat higher value of e but with a larger misfit to the data.
A second method, developed by Ekstr6m [1989] , inverts broadband (1 Hz to 100 s) P waveforms simultaneously with the CMT data set for the moment tensor elements, the focal depth, and the source time function. Seven broadband records were constructed from digital short-and long-period seismograms, and the inversion results again showed that the data were best explained with a moment tensor which is closer to a CLVD than to a double-couple (Figure 6b and Table 3 ). In order to be well fit, the broadband waveforms required an unusually large (10 s) source duration as well as a very shallow focus, probably in the top few kilometers of sediments on the ocean floor.
A close examination, however, revealed that if the event occurred within a few kilometers beneath the ocean bottom, an ordinary double-couple mechanism could also produce very small $H/P ratio. This situation is discussed by Barker and Kanamori [1986] and can be explained as follows. For a dip-slip mechanism, the direct phase and the surface reflections are of opposite polarity. Hence if the source is very shallow, the direct wave and the surface reflections cancel out, producing small P and SH waves. If the event occurred in the sediments beneath the ocean bottom, most P wave energy radiated upward will go into the water layer and the main energy reflection occurs at the water surface. Because of this extra path in the water, the surface reflection, being delayed, does not cancel the direct wave.
In contrast, the SH wave is always reflected at the ocean bottom, and the direct and reflected phases cancel each other almost completely, resulting in a small SH/P ratio. Since this behavior depends very critically on the structure and the depth, we performed a more detailed inversion of body waves using a crustal structure appropriate for the epicentral region of the Tori Shima earthquake.
The velocity structure we used is taken from Den [1972] and is shown in Table 4 (isotropic explosion),
respectively.
Thus the observed spectrum l•(eo) can be interpreted in terms of either one of these models, or any combination of them, depending on the value of k. Unless some independent estimate of the net volume change is available, this indeterminacy cannot be removed.
A similar indeterminacy occurs in body wave analysis, and inversion without the constraint of vanishing isotropic component is unstable. This indeterminacy needs to be borne in mind in the following interpretation. These results seem to indicate that the time constant of 10 to 40 s is too short for magma injection to occur. A more likely process of injection involves magma-water interaction and may occur as illustrated in Figure 8 . When a large mount of magma is injected in water-filled sediments, the volume of water increases because of heating. We assume that this process occurs in a closed system. At a pressure of 300 bars, the specific volume of water increases approximately 30 times as the temperature increases from 0 to 1000 ø C (Figure 9 ). Since this pressure-temperature point is above the critical point of water, the water is a supercritical fluid. Since heating of a large volume of water cannot occur very fast, this expansion takes place gradually, building up the pressure in the sediment. Eventually the pressure exceeds the strength of the sediment, and sudden injection of supercritical water (and magma) can occur in the sediments, in a manner similar to hydrofracturing. This process can be rapid enough to cause seismic radiation. In this case, however, a net volume change is likely to occur, and a source different from a pure CLVD may be more appropriate. For example, the second CMT inversion (Table  1) Table 1 , we obtain AV=l.Sx1013 cm 3, the same as above. 
